ABSTRACT: A series of luminescent cyclometalated gold(III) complexes having alkyls as auxiliary ligands has been prepared. The alkyl ligand was found to effectively increase the emission quantum yields and lifetimes of luminescent cyclometalated gold(III) complexes by circumventing the population of LLCT excited states that are found in complexes supported by arylacetylide ligands. These gold(III) alkyl complexes exhibit emission quantum yields and lifetimes of up to 0.40 and 180 μs, respectively, in solution at room temperature. The triplet emission color of these complexes is tunable from yellow to sky blue by modifying the cyclometalating ligand.
■ INTRODUCTION
In the development of phosphorescent gold(III) complexes, the use of strong σ-donating carbon donor ligand(s) for coordination is a common strategy used to achieve phosphorescence at room temperature. 1 Coordination of a strong σ-donating ligand to gold(III) can raise the energy of the gold(III) 5dσ* (5d x 2 −y 2 ) orbital, thus minimizing the thermal population of the nonemissive 3 LMCT (ligand-to-metal charge transfer) and ∧ N = 2-phenylpyridine, HC ∧ N ∧ CH = 2,6-diphenylpyridine) together with auxiliary ligand(s). 2 The function of the cyclometalating ligand is to restrict the four-coordinated gold(III) complex in a planar coordination geometry from undergoing distortion, while the auxiliary ligands are employed to provide a strong ligand field so as to destabilize the gold(III) 5d x 2 −y 2 orbital. At present, the most commonly used auxiliary carbon donor ligands that can successfully switch on the emission of gold(III) complexes include acetylide, N-heterocyclic carbene (NHC), aryl, and cyanide. 1 As the σ-donor strength of the ligand is crucial to effect luminescence, we conceive that alkyl ligands may be an appropriate choice in the construction of phosphorescent gold(III) complexes since (1) the sp 3 -hybridized carbon donor atom should provide a strong ligand field to destabilize the 5d x 2 −y 2 orbital and (2) there are no low-lying π and π* orbitals of the alkyl ligand for forming a LLCT excited state that could complicate the excited state dynamics, which occurs in gold(III) complexes with arylacetylide ligands. 2j, 3 Herein we report the synthesis and photophysical properties of a series of cyclometalated gold(III) complexes with a doubly C deprotonated [C ∧ N ∧ C] chelating ligand and an alkyl group as the auxiliary ligand (Chart 1). These complexes exhibit strong ligand-centered phosphorescence in solution at room temperature with E 0−0 emission energies as high as 2.80 eV and quantum yields and lifetimes of up to 0.40 and 180 μs, respectively. The two structurally similar complexes [Au( and subsequent warming to room temperature. 2h The products were purified by column chromatography on SiO 2 , and characterized by 1 H NMR, 13 C NMR, mass spectrometry, and elemental analysis. The complexes are stable to air and moisture.
Diffraction-quality crystals of 1a and 4 were obtained by slow evaporation of THF/hexane solutions of the respective complex at room temperature. Perspective views of 1a and 4 are depicted in Figure 1 . Selected bond lengths and angles are summarized in Table S1 in For the gold(III)−methyl complexes studied herein, the 1 H NMR signal of the Au−CH 3 group appears as a sharp singlet lying between 1.21 and 1.40 ppm; complex 5 is an exception, in which the signal is a triplet and is more downfield at 1.86 ppm. The 13 C NMR signal of the methyl group ranges from 1.21 to 2.0 ppm.
Electron Microscopy. Morphology studies of gold(III) complexes are relatively sparse in the literature. 4 The reported SEM and TEM images of most gold(III) complexes show entangled fibrous structures on the order of micrometers.
4b−e
Given the small size of the alkyl ligand, the use of the ligand may allow intermolecular dispersive and/or π−π interactions which induce the formation of nanostructures. The morphologies of the nanostructures obtained with 1a, 1c, 4, and 5 in THF/hexane (v/v 1/9) mixture were therefore examined (Figure 2a−d) . Interestingly, rectangular blocks, a fibrous network, rods, and wires were observed for 1a,c, 4, and 5, respectively. The dimensions of these structures ranged from 100 nm to 15 μm. Selected area electron diffraction (SAED) experiments revealed a crystalline nature of these structures. For example, the SAED pattern of nanowires of 5 ( Figure 2e ) showed a regular d spacing of 3.58 Å characteristic of π−π interactions along the rod longitude. The gelation properties of these complexes were also tested. Only 1c was found to form an opaque, white gel upon cooling a hot DMSO solution of the complex (0.8 wt %) to room temperature ( Figure 2f ). Gelation was not observed for 1c in other solvents. whereas only upfield shifts were observed for all aliphatic protons upon decreasing the temperature from 80 to 40°C ( Figure S5 in the Supporting Information), suggesting that hydrophobic−hydrophobic interactions between the long alkyl chains and π−π interactions between the C ∧ N ∧ C plane of 1c molecules are involved in the gelation process. 4e UV−Visible Absorption Spectroscopy. The UV−visible absorption and emission spectral data of all these gold(III) alkyl complexes in CH 2 Cl 2 solutions at room temperature are given in Table 1 . Absorption spectra of selected complexes are shown in Complex 8, which bears a fluorene unit in the cyclometalating ligand, displays an absorption profile similar to that of its acetylide counterparts, but with a significant blue shift of 14−16 nm for the absorption peak maxima at 398−416 nm (ε = (8.9− 9.3) × 10 3 dm 3 mol
).
2j
Luminescence Spectroscopy. With the use of an alkyl ligand as a strong σ-donor, the as-prepared gold(III) complexes are emissive in solutions at room temperature. As shown in Table 1 and Figures 5 and 6, complexes with substituted 2,6- . The excitation spectra monitored at the emission maxima exhibit the same vibronic structure (300−400 nm) as those observed in the absorption spectra. The emission peak maxima of 1a are insensitive to solvent polarity (464−466 nm) ( Figure S3 in the Supporting Information), but the emission quantum yield and lifetime of the complex are significantly affected (toluene, Φ = 0.09, τ = 35 μs; DMF, Φ = 0.02, τ = 8 μs; , respectively. Complex 8 displays a yellow emission with a quantum yield and lifetime of 0.40 and 180 μs in degassed CH 2 Cl 2 , respectively. The emission of all these complexes in aerated solutions is barely visible to the naked eye.
In glassy solution (MeOH/EtOH, 1/4) at 77 K, all of these complexes display an intense, vibronic structured emission with energies slightly blue shifted (2−4 nm) from those recorded in dilute solution at room temperature ( Figure 7 ). The emission lifetimes are greatly lengthened to up to 400 μs. For example, the emission lifetime of 1a increases from 43 μs at room temperature to 381 μs at 77 K.
In the solid state, most of these complexes are weakly emissive at room temperature with emission profiles similar to those in solution but with greatly reduced emission lifetimes (<1 μs). Interestingly, complexes 5−7 show a red-shifted emission band in addition to the emission at 430−500 nm. Time-resolved emission measurements conducted on these complexes provide more information on the emission dynamics. As presented in Figure 8 , the emissions of 5 at 460−550 and ∼650 nm decay with lifetimes of 0.30 and 0.67 μs, respectively, suggesting that the emission comes from different electronic excited states. Emission kinetics recorded for the lower energy emission (Figure 8b ) reveal time delays of ∼70 and ∼800 ns to reach the maximum emission intensity after laser pulse excitation (355 nm) at room temperature and at 77 K, respectively. In PMMA thin film, 5 displays a vibronic structured emission similar to that in solution with a quantum yield of up to 0.13 ( Figure S4 in the Supporting Information). However, the low-energy emission at ∼650 nm could not be clearly observed in the film with up to 60 wt % of 5 in PMMA thin film. For complexes 6 and 7, the emission was found to comprise two components with different lifetimes, which is similar to the case for 5. Complex 6 displays a short-lived emission (τ ≈ 60 ns) with λ max at ∼435 nm and a structureless emission with λ max at 555 nm and a lifetime of 4.1 μs. For complex 7, a relatively short lived (τ = 0.5 μs) vibronic emission band at 446−515 nm was observed from 0 to 2 μs. After this emission faded out, a much longer lived (τ = 110 μs) structureless emission with maximum at 515 nm was observed.
Concentration-Dependent 1 H NMR Spectroscopy. Concentration-dependent 1 H NMR spectroscopic measurements were conducted for 1a, 5, and 7 to elucidate the different solid-state emission behaviors.
4e Figure 9 shows the aromatic region of the 1 H NMR spectra of these complexes recorded at 2, 4, and 6 × 10 −3 M at 298 K in CD 2 Cl 2 . The 1 H NMR spectra were observed for all proton signals of 1a under the same conditions. These data suggest that both 5 and 7 have a stronger proclivity toward aggregation, which may account for why excimeric emissions are observed in the cases of 5 and 7 but not 1a.
Electrochemistry. The electrochemical properties of these gold(III) alkyl complexes were investigated by cyclic voltammetry in CH 2 Cl 2 containing 0.1 M n Bu 4 NPF 6 . The data are summarized in Table 1 , and the cyclic voltammograms of 1a, 7, and 8 are shown in Figure 10 . All of the complexes show one irreversible reduction wave with E pc ranging from −2.04 to −2.32 V vs Ag/AgNO 3 (0.1 M in MeCN). These reduction waves are assigned to reduction at the pyridine moiety. An irreversible oxidation wave is observed for 8 with E pa at +1.3 V. The potentials of the reduction waves are affected by the substituents on the [C ∧ N ∧ C] ligand. For example, with the addition of a tert-butyl group at the para position of the pyridine, the E pc value shows a cathodic shift from −2.16 V (1a) to −2.32 V (2).
Excited State Properties and Photochemistry. The excited state properties of 1a, 5, and 7 were examined by nanosecond time-resolved absorption difference spectroscopy. Figure 11a shows the excited state absorption difference spectrum of 1a in deoxygenated THF. The spectrum features a broad absorption from 325 to 600 nm with maxima at 340 and 430 nm. The decay lifetime (27 μs) of the absorption at 340 nm is close to the emission lifetime (29 μs) under the same conditions. A similar profile was also observed in deoxygenated toluene. Under oxygen-saturated conditions, a similar absorption profile was observed, but it decayed quickly to the baseline level with a lifetime of 0.13 μs. In the presence of 0.05 M diisopropylethylamine (DIPEA), a different spectrum with absorption peak maxima at 330, 425, and 600 nm was observed ( Figure 11b ). These absorption peaks decayed much more slowly with a time duration of ∼400 μs, which is attributed to the decay of one-electron-reduced 1a via reductive quenching of triplet excited 1a by DIPEA. The low stability of the asformed 1a
− corroborates the irreversible nature of the reduction wave of 1a observed in cyclic voltammetry measurements.
The excited state difference absorption spectrum of 5 in CH 2 Cl 2 at 8 × 10 −5 M shares a profile similar to that observed for 1a in THF (Figure 11c ). The decay lifetime (11.9 μs) of the absorption at ∼340 nm is close to the emission lifetime (11.4 μs) under the same conditions. Both lifetimes are much smaller than that observed at 2 × 10 −5 M due to emission selfquenching. Complex 7 displayed absorption maxima at ∼320, 430, and 500 nm with decay lifetimes of 6.0 μs at 1.2 × 10 −4 M ( Figure 11d ). However, it was noted that the absorption profile recorded at 16 μs showed absorption peaks at ∼320 and 375 nm which are different from those recorded immediately after the laser excitation, indicating that another species may have been formed from the triplet excited state of 7. The solution after time-resolved absorption measurement was then subjected to light irradiation at 365 nm and monitored by UV−vis absorption spectroscopy. Within 30 min, the signal showed a gradual change to another absorption profile with isosbestic points at 332 and 353 nm ( Figure S6 in the Supporting Information). The final species showed similar vibronicstructured absorptions at 340, 359, and 377 nm, which are red-shifted by 8−13 nm in comparison to 7.
1 H NMR spectroscopic analysis revealed that the chloride analogue of 7 was formed in the photolysis reaction.
To shed light on the reason for such reactivity, both 1a and 1b were subjected to photolysis in deoxygenated CH 2 Cl 2 . No significant spectral change was observed in the UV−visible absorption spectrum of 1a within 10 min, but a gradual red shift was observed in the absorption of 1b. Figure 12 shows the UV−visible absorption spectral change of 1b upon irradiation. The vibronic structured absorption band of 1b at 352−387 nm gradually shifted to 369−406 nm with isosbestic points at 349 and 376 nm. The absorption spectrum recorded at 90 min was found to be identical with that of [Au(C ∧ N ∧ C)Cl], which has 2,6-diphenylpyridine as the cyclometalating ligand. The solution also changed from emissive (green) to nonemissive. When the photolysis was conducted in toluene, the absorption spectrum of the solution after 1 h showed that the absorption of 1b decreased without formation of a new absorption band and the baseline level increased. After irradiation for 12 h, a small amount of dark purple precipitate was observed at the bottom of the cuvette, which suggests the decomposition of 1b into aggregated gold nanoparticles.
In addition to photoinduced electron transfer, the capacity of 1a to undergo energy transfer was examined with sensitization of triplet−triplet annihilation (TTA) as an example. 2j,5 9,10-Diphenylanthracene (DPA) was chosen as the triplet energy acceptor because the TTA reaction between two 
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The photochemical reactivity of 1a was also demonstrated by using the oxidative cyanation of a tertiary amine as an example.
2f Initially, when a mixture of N-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline (1a; 1 mol %), NaCN, and HOAc in a THF/MeOH mixture (v/v 1/1) was subjected to light irradiation (λ >350 nm) under aerobic conditions, the α-cyanated tertiary amine was obtained with 86% conversion and 87% yield in 3 h ( Table 2 , entry 1). When the amount of 1a was increased to 1.5 mol %, the desired products could be obtained with excellent conversions (99−100%) and yields (80−87%, Table 2 , entries 2−6), which are comparable to those obtained by using a cyclometalated iridium(III) complex as the photocatalyst. 6 Computational Study. All of the complexes investigated in this work have similar radiative and nonradiative decay rate constants (k r ≈ (2.2−2.9) × 10 3 s −1 and k nr ≈ (1.1−2.9) × 10 4 s −1 ) except for 7, which has a much higher nonradiative decay rate of 1.40 × 10 5 s −1 . This higher rate of 7 is contradictory to the energy gap law, which predicts that k nr should decrease with an increase in the emission energy. DFT/TDDFT calculations have thus been performed on 1a, 6, and 7 to help decipher why the introduction of an alkoxy group at the pyridyl ring of the C ∧ N ∧ C ligand results in an almost 10-fold increase of the nonradiative decay rate constant. Table 3 presents the energy gap (ΔE ST ) between the lowest singlet excited state S 1 and the nth triplet excited states (T n ; n = 1, 2, 3, ...) and the corresponding spin−orbit coupling matrix elements (H SOC ). For complexes 1a and 6, there are two triplet excited states below their S 1 excited state at their respective optimized ground state geometries, of which there is significant SOC between the S 1 and T 1 excited states (H SOC 2 values are on the order of 10 3 cm −2 , comparable to the energy gap between the S 1 and T 1 excited states; Table 3 ). Thus, intersystem crossing (ISC) from the S 1 to the T 1 excited state is efficient for both complexes. On the other hand, for 7, although there are also two triplet excited states below its S 1 excited state, the SOC between S 1 and T 1 (or T 2 ) is more than 1 order of magnitude smaller than the corresponding S 1 −T 1 (or S 1 −T 2 ) energy gap and, hence, ISC from S 1 to T 1 is not a facile path for 7. Nevertheless, there are two other triplet excited states that have
) with the S 1 excited state for 7: namely, T 3 and T 6 ( Table 3 ). These two triplet excited states are at similar energies at their respective excited state minima and are only ∼200 cm −1 above the S 1 excited state minimum. It is thus expected that S 1 → T 3 and S 1 → T 6 (maintaining the state ordering at the FC geometry) are both probable pathways for ISC in 7.
It should be noted that, except in the T 6 excited state of 7, the optimized geometries of the T 1 excited state for 1a and 6 and the T 3 excited state of 7 remain planar ( Figure 14) . The optimized T 6 geometry of 7, on the contrary, deviates from planarity, meaning that ISC from S 1 to T 6 will lead to a large structural distortion. As both the optimized T 3 and T 6 excited states of 7 are of similar energies, ISC from S 1 may proceed through either the T 3 or the T 6 excited state and, if the latter state is populated, the large structural change may contribute to the much higher nonradiative decay rate of 7.
The difference in SOC between the S 1 and T 1 excited states among 1a and 6 (both have large SOC) and 7 (little SOC) is explained as follows. Table 4 gives the contributions of oneelectron excitation configuration state functions (CSFs) to the T 1 excited states of 1a, 6, and 7. The MOs for 1a, 6, and 7 are presented in Figures S24−S26 in the Supporting Information, and selected MOs for 1a and 7 are shown in Figure 15 . The S 1 excited state for all three complexes is dominantly derived from a HOMO → LUMO transition with the HOMO being derived mainly from π(C ∧ N ∧ C) with a small % of Au(d yz ) character (<5%). For effective SOC with the S 1 excited state, the coupling triplet excited state should have the occupied MOs derived from Au(d orbital) of a different orientation. For both 1a and 6, there is a small contribution (2%) of the H-6 → L transition to their T 1 excited states and H-6 is composed of a Au(d xz ) orbital, i.e., a d orbital with an orientation different from the HOMO (Au(d yz ) ). In addition, this H-6 has a considerable amount of Au(d xz ) character (Au(d xz ): 35% in 1a and 25% in 6), with the remainder mainly localized on the pyridyl ring ( Figures S24 and S25 in the Supporting Information). Thus, though the contribution of this CSF is small, the large percentage of Au(d xz ) character in H-6 makes this CSF the dominant contributor to a large SOC (>50%). On the other hand, for 7, H-4 is of Au(d xz ) orientation but there is only a small percentage of it in H-4 (2%) and so the SOC between S 1 and T 1 in 7 is only half that of 6 (Table 3) . Therefore, the introduction of the electron-donating group at the pyridyl ring of the C ∧ N ∧ C ligand decreases the Au(d xz ) character and ISC has to be mediated by higher-lying triplet excited states in 7, where these triplet excited states are prone to distort.
To examine whether low-lying LMCT or dd excited states contribute to the much higher nonradiative decay rate of 7, we have also carried out TDDFT optimization of the LMCT/dd excited states. The 3 LMCT excited states are calculated to be 1.88, 1.77, and 1.75 eV higher lying than the respective T 1 excited states of 1a, 6, and 7. Given the similar energy gap between the emitting 3 IL and deactivating 3 LMCT excited states for 6 and 7, it is envisioned that 3 LMCT is not likely to be the deactivating excited state leading to the much higher k nr observed for 7.
■ DISCUSSION
The development of phosphorescent gold(III) complexes has been gaining momentum in recent years. Much effort has been directed to exploring new ligand systems and applications in OLEDs and photocatalysis. 2f,7−9 As summarized in a review article by Wenger and co-workers, 1b luminescent gold(III) complexes are often constructed by the combined use of a cyclometalating bidentate or tridentate ligand and an auxiliary ligand(s) such as arylacetylide. Although arylacetylide was found to provide a strong ligand field and provoke phosphorescence at room temperature, our recent work shows that the high-lying HOMO of arylacetylide may have a detrimental effect on the emissive excited state by providing a nonradiative 3 LLCT decay channel (
This problem is exacerbated in complexes supported by C-deprotonated 2,6-diphenylpyridine because the HOMO of the ligand is lower lying than that of arylacetylide by 0.64 eV. Therefore, we hypothesized that replacing the arylacetylide with a simple alkyl would lead to an increase in both emission quantum yield and lifetime for the complexes supported by the aforementioned cyclometalating ligand.
Cyclometalating [C ∧ N ∧ C] ligands were obtained by Kroḧnke pyridine synthesis or Suzuki coupling, depending on the availability of starting materials. Addition of peripheral substituents (e.g., F, t Bu, OEt) on the ligand is a strategy to tune the triplet emission energy of the complexes. With the exception of the fluorene-containing ligand, all of these ligands formed complexes with mercury(II) and precipitated in ethanol, allowing easy separation from unreacted ligands. The solid obtained by filtration had to be redissolved in CH 2 Cl 2 and filtered to remove any other salts. The [Au(C ∧ N ∧ C)Cl] complexes obtained by refluxing the as-formed mercury(II) complexes with KAuCl 4 in MeCN appeared pale yellow or white. The chloride ligand was then substituted by trifluoroacetate because the trifluoroacetate analogue was reported to give the corresponding alkyl complex with a shorter reaction time.
2h Insertion of alkyl ligand(s) into cyclometalated gold(III) complexes can be achieved by a transmetalation reaction with tetraalkyltin(IV), 10 alkyl Grignard reagent, alkyllithium, 2h and trialkylaluminum. 2i Taking both convenience of preparation and safety into consideration, we chose to use the corresponding commercially available alkyllithium reagents for preparing complexes with methyl and butyl groups, whereas an octadecyl Grignard reagent was freshly prepared for the synthesis of 1c. Similar to the report by Tilset, a darkening of the solution arising from formation of metallic gold was observed when the reaction mixture was warmed to room temperature. 2h These gold(III) alkyl complexes could be purified by chromatography on SiO 2 .
In this study, most of the 1 H NMR signals of the methyl ligand range from 1.21 to 1.40 ppm, which are similar to those found in cyclometalated gold(III) complexes with the methyl 
a The values in parentheses indicate the percent contribution of each CSF. H resonance signal of the methyl group appears as a triplet and is rather downfield at 1.86 ppm in comparison to others (1.21− 1.40 ppm). One possible reason is the existence of an intramolecular H−F interaction between the proton of the methyl group and the F atom on the C ∧ N ∧ C ligand, which withdraws electron density from the proton, leading to a deshielding effect. However, attempts to confirm this by obtaining an X-ray crystal structure of 5 were unsuccessful.
Photophysical properties of luminescent gold(III) complexes have been extensively studied in recent years.
1 It is generally conceived that the HOMO and LUMO of cyclometalated gold(III) complexes mainly localize on phenyl (C) and pyridyl (N) moieties, respectively. As a result, both the absorption and emission energies of a gold(III) complex can be rationally tuned via the utilization of suitable substituents on different parts of the C ∧ N ∧ C ligand. With an eye toward achieving highenergy (e.g., blue) emission, several complexes in this work were prepared with the [C ∧ N ∧ C] ligands having a tert-butyl or ethoxy group at the para position of the pyridyl ring and fluorine atom(s) at different positions of the phenyl rings.
Comparison of the absorption of 1a with that of 2 reveals that the latter shows blue-shifted absorption peaks at higher energies (5−6 nm), a likely result with the expectation that the LUMO residing on the pyridyl ring would be destabilized by the additional tert-butyl group. In order to lower the energy of the HOMO, fluorine atoms were added to the phenyl rings. For example, substitution with fluorine atoms at the meta positions of phenyl rings proved effective in further blueshifting the absorption of 2 at 383 nm to that of 5 at 376 nm. Complex 7, which bears an ethoxy group on pyridine and two fluorine atoms on each phenyl ring, shows the largest blue shift in absorption energy with the last absorption peak at 364 nm. In addition to varying substituents on the cyclometalating ligand, since the pyridyl ring is trans to the auxiliary ligand, auxiliary ligands having varying field strengths are expected to destabilize the LUMO to different extents, thus affecting the energy of the HOMO−LUMO gap. When 1a is compared to the analogue with phenylacetylide (both auxiliary ligands are monoanionic carbon donor ligands), it was found that the vibronic absorption bands at 350−390 nm of 1a are blueshifted by about 12 nm.
2c Such a large increase in energy illustrates the much stronger field strength provided by alkyl ligands, in comparison to acetylide, and this underscores the importance of considering the orbital contribution (sp 3 vs sp) of the auxiliary ligand with the same donor atom.
Replacing arylacetylide with alkyl indeed boosted the emission quantum yield and lifetime of these [Au(C ∧ N ∧ C)] complexes. Comparison of 1a with the phenylacetylide analogue revealed a drastic increase in emission quantum yield and lifetime by more than 100-fold. 2c There are two possible reasons accounting for this: (i) the alkyl ligand pushes the dσ* orbital of gold(III) to such a high energy that thermal population of electrons from π* of the cyclometalating ligand to dσ* of the gold(III), i.e., changing from emissive 3 IL to nonemissive 3 LMCT excited state, is impossible and (ii) the alkyl ligand does not possess any π orbital, thus excluding any possible low-lying 3 LLCT excited state that may be present in analogous systems with acetylide. When these nonradiative pathways are shut down, the long-lived nature of the C ligands so that the increased conjugation at the fluorene destabilizes the HOMO of the cyclometalating ligand and minimizes the energy difference with the π-orbital of the phenylacetylide. Thus, in addition to looking at the number of strong σ-donor ligands, the compatibility of these ligands from an orbital-energy point of view, namely the relative order of ligand frontier MOs, must be taken into consideration.
Owing to the strong destabilization of the LUMO offered by the alkyl ligand, the emission of 1a is at a higher energy (465 nm) than that of the acetylide (476 nm) and NHC (479 nm) analogues.
2c,d The emission energy of this class of complex can also be tuned in a way similar to the shifts in absorption energy observed in complexes with different substituents. With the addition of a tert-butyl group and a fluoride at specific positions of the C ∧ N ∧ C ligand, the emission of 4 is blue-shifted by 3 nm relative to 1a. For 6 and 7, the presence of fluorine atoms at the 2,4-positions of the phenyl ring seems more effective in augmenting the emission energy. With an ethoxy group on pyridine, 7 exhibits the highest energy emission with the first emission peak maximum at 443 nm, whereas 6 has the first maximum at 455 nm. However, the relative intensity of the second emission peak maximum (472 nm) is about 30% higher than that of the first (443 nm) in 7, suggesting that the structural difference between the excited state and ground state is quite severe; this may account for the low emission quantum yield (0.02) of 7 among this series of complexes. The use of butyl instead of methyl as the auxiliary ligand is not likely to be the reason for the drop in emission quantum yield because the butyl-containing 1b has an emission quantum yield similar to that of 1a (1a, 0.11; 1b, 0.09). The relatively high intensity of the second emission maximum of 7 also renders the emission color sky blue (CIE coordinates = (0.17, 0.24)) instead of pure blue.
Of particular interest is the observation that both 5 and 7 show an additional low-energy emission band in the solid state. A similar phenomenon has been observed for the [Au- Inorg. Chem. 2017, 56, 5046−5059
The emission kinetics of 5 at room temperature revealed a grow-in period of ∼70 ns before reaching the maximum emission intensity after excitation, which corroborates the finding of the kinetics of an excimeric emission of a platinum(II) complex at 700 nm. 11 Thus, we assign the high-energy and low-energy emissions of 5 as 3 IL and excimeric emissions, respectively. At 77 K, the excimeric emission of 5 is red-shifted by 10 nm and the grow-in time lengthened from ∼70 to ∼800 ns, presumably due to a slower excimer formation rate in the low-temperature environment. The upfield shifts observed in the 1 H NMR spectra of 5 and 7 upon increasing concentration in CD 2 Cl 2 at room temperature also suggested their tendency to undergo aggregation.
Electrochemical measurements offered additional insight into how the LUMO energy was affected by the substituents. Addition of an electron-donating group such as tert-butyl at the para position of the pyridine induced a cathodic shift of 0.16 V (1a vs 2) , supporting the assignment that the LUMO is localized in the pyridine moiety. Although the addition of fluorine atoms on the phenyl ring was aimed at lowering the HOMO energy, it was found that substitution with fluorine at the 3-and 5-positions of the phenyl ring induces an anodic shift of the reduction wave from −2.32 V (2) to −2.07 V (5), presumably because the electron-deficient phenyl rings withdraw electron density from the pyridine by an inductive effect. In contrast, substitution with fluorine at the 2-and 4-positions of the phenyl ring had only a minor effect on the reduction wave (1, −2.16 V; 6, −2.10 V). Thus, the substitution pattern is also an important consideration when it comes to the tuning of photophysical and electrochemical properties.
The nanosecond time-resolved absorption difference spectrum of 1a shows absorption peak maxima at 340 and 430 nm which decay with a lifetime (27 μs) close to the emission lifetime, suggesting that the absorption originates from the 3 IL excited state of 1a. This is also supported by the spectrum's high similarity to the nanosecond time-resolved spectral characteristics of the NHC analogue, 7 which showed absorption maxima at 340 and 440 nm. When diisopropylethylamine (DIPEA) was present, the absorption profile showed absorptions at 330, 425, and 600 nm, which decayed with a much longer duration of 400 μs. Since the thermodynamic driving force of the reaction of *1a with DIPEA is +0.27 V (E(*1a/1a − ) = +0.62 V, E(DIPEA +/0 ) = +0.35 V, vs Ag/ AgNO 3 ), the observed long-lived species is assigned as oneelectron-reduced 1a produced via reductive quenching of *1a by DIPEA (Figure 16 ). The absorption profile of this long-lived species is also highly similar to that observed for the NHC analogue of 1a with 0.1 M dibenzylamine in degassed DMF, which showed absorption peak maxima at 330, 440, and 560 nm. 7 In the literature, examples of energy transfer reactions demonstrated for gold(III) complexes include photoinduced sensitization of singlet oxygen for the oxidation of amines and TTA for energy upconversion.
2f,j In this study, while 1a was found to sensitize the delayed fluorescence of DPA, this process cannot be regarded as energy upconversion because the fluorescence energy of DPA (λ max 410−430 nm) is lower than that of the light photon (355 nm) required to excite 1a. For gold(III) complexes in general, the lack of absorption of light beyond 450 nm is in part due to the absence of low-lying 1 MLCT (metal-to-ligand charge transfer) transitions which are responsible for the absorption in the blue to green spectral region in platinum(II) and iridium(III) complexes. This characteristic arises from the electrophilicity of gold(III), which stabilizes the occupied 5dπ orbital to such an extent that the latter is lower lying than the highest occupied dπ orbital of the cyclometalating ligand, rendering the 1 IL transition the lowest lying absorption transition in most cases. Attempts to narrow the 1 IL transition by increasing the conjugation of the cyclometalating ligand with the use of two fluorene moieties have been made, but the absorption of the resultant complex only shows vibronic structured absorption peak maxima at 423 and 446 nm with a weak absorption tail ending at 470−480 nm.
8b Thus, the development of nonporphyrin-type phosphorescent gold(III) complexes showing strong absorption beyond 450 nm remains a challenge.
Studies on the application of gold(III) complexes in lightinduced reactions are relatively rare in comparison to those of iridium(III), ruthenium(II), and platinum(II) complexes, 12 presumably due to the limited number of gold(III) complexes displaying decent emission quantum yields at room temperature. As the photochemical reactivities of gold(III) complexes with NHC, acetylide, or chloride as auxiliary ligands have been explored by us and other groups, 2a,f,7,9 we are interested in whether these gold(III) alkyl complexes possess similar properties. In this study, photoinduced oxidative cyanation of tertiary amines was used as an example to illustrate the photochemical reactivity of gold(III) alkyl complexes with 1a as a representative. It was found that 1a was capable of catalyzing the formation of α-cyanated tertiary amines under light irradiation with excellent conversions and yields at 1.5 mol % loading. Although the amount of catalyst required is more than that needed in our previous study with [Au( 
2f this finding reveals that gold(III) alkyl complexes could have sufficient stability to act as catalysts for light-induced reactions, and this also suggests that other metal alkyl complexes may possess rich photochemical properties which are not yet discovered because of a general expectation of their poor stability.
■ CONCLUSION
In summary, this study demonstrates the use of the alkyl ligand as an excellent alternative to acetylide, NHC, and aryl ligands in pincer-type gold(III) complexes. With the advantages of absence of a low-lying π-orbital in the alkyl ligands and their strong σ-donating ability, population of both the LLCT and the highly structurally distorted, deactivating LMCT excited state can be prevented. When these nonemissive decay pathways are kept at bay, these complexes display emissive and long-lived 
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Article temperature. This work highlights that, in addition to considering the donor strength of the auxiliary ligand, the nature of its contributing frontier molecular orbitals is an important yet largely overlooked factor that may have a decisive influence on the luminescent properties.
■ EXPERIMENTAL SECTION
Materials and Reagents. All chemicals, unless otherwise noted, were purchased from commercial sources. All solvents for reaction and photophysical studies were of HPLC grade. The ligands (except 2,6-diphenylpyridine) were prepared by methods developed by Kroḧnke from the respective acetophenones and benzaldehydes or by Suzuki coupling, and the gold(III) complexes were synthesized according to literature methods. 2b,13,14 4-Ethoxy-2,6-dibromopyridine (starting material for ligand of 7) was synthesized according to a reported procedure. 15 Physical Measurements and Instrumentation. Nuclear magnetic resonance spectra were recorded on DPX-300, -400, and -600 Bruker FT-NMR spectrometer with chemical shifts (in ppm) relative to tetramethylsilane (for CDCl 3 ) or nondeuterated solvent residual signal. Unless otherwise stated, all NMR spectra were recorded at room temperature. Mass spectra (FAB and EI) were recorded on a Finnigan MAT 95 mass spectrometer. Elemental analyses were performed at the Institute of Chemistry of the Chinese Academy of Sciences, Beijing, People's Republic of China. All absorption spectra were recorded on a Hewlett-Packard 8453 diode array spectrophotometer. Steady-state emission spectra were recorded on a SPEX Fluorolog-3 spectrophotometer. Solutions for photophysical studies were degassed by using a high-vacuum line in a two-compartment cell with five freeze−pump−thaw cycles. Low-temperature (77 K) emission spectra for glassy-state and solid-state samples were recorded in quartz tubes (4 mm internal diameter) placed in a liquid nitrogen Dewar flask with quartz windows. The emission quantum yield was measured with 9,10-bis(phenylethynyl)anthracene (Φ = 0.85) in benzene as reference and calculated by Φ s = Φ r (B r /B s )(n s /n r ) 2 (D s /D r ), in which the subscripts s and r refer to sample and reference standard solutions, respectively, n is the refractive index of the solvents, D is the integrated emission intensity, and Φ is the luminescence quantum yield. The excitation intensity B is calculated by B = 1 − 10 −AL , where A is the absorbance at the excitation wavelength and L is the optical path length (λ = 1 cm in all cases). The refractive indices of the solvents at room temperature were taken from standard sources. Emission quantum yields of thin film samples were measured with a Hamamatsu C11347 Quantaurus-QY Absolute PL quantum yield measurement system. The thin films were prepared by drop-casting from a chlorobenzene solution containing the gold(III) complex with PMMA. The solvent was evaporated at 60°C, and translucent films were obtained. The emission lifetime measurements were performed on a Quanta Ray GCR 150-10 pulsed Nd:YAG laser system. Errors for λ values (±1 nm), τ (±10%), and Φ (±10%) are estimated. Nanosecond time-resolved emission measurements were performed on a LP920-KS Laser Flash Photolysis Spectrometer (Edinburgh Instruments Ltd., Livingston, U.K.). The excitation source was the 355 nm output (third harmonic) of a Nd:YAG laser (Spectra-Physics Quanta-Ray Lab-130 Pulsed Nd:YAG laser). The signals were processed by a PC plug-in controller with L900 software. The preparation of samples for the measurements was the same as that for steady-state emission measurements. Cyclic voltammetric measurements were performed on a Princeton Applied Research electrochemical analyzer (Model 273 A Potentiostat/Galvanostat) with a conventional three-compartment cell. A solution of 0.1 M n Bu 4 NPF 6 in CH 2 Cl 2 was used as a supporting electrolyte for the electrochemical measurements. All solutions used in electrochemical measurements were deaerated by bubbling with argon, and the measurements were done at room temperature. Ag/AgNO 3 (0.1 M in MeCN), a glassycarbon electrode, and a platinum wire were used as reference electrode, working electrode, and counter electrode, respectively; ferrocene was used as an internal reference. SEM images were taken on a Hitachi S-4800 field emission scanning electron microscope operating at 3.0 kV. SEM samples were prepared by drop-casting suspensions onto silicon wafers and air-dried. TEM and SAED were performed on a Philips Tecnai G2 20 S-TWIN transmission electron microscope with an accelerating voltage of 200 kV. The TEM images and SAED patterns were taken by a Gatan Model 794 MultiScan Camera. TEM samples were prepared by depositing a few drops of suspensions on the Formvar-coated copper grids, and the excess solvent was removed by a piece of filter paper.
Crystal Structure Determination. X-ray diffraction data were collected on a Bruker X8 Proteum diffractometer. The diffraction images were interpreted and the diffraction intensities were integrated by using the program SAINT. The crystal structure was solved by direct methods employing the SHELXS-97 program and refined by full-matrix least squares using the program SHELXL-97. 16 Computational Methods. In this work, the hybrid density functional PBE0 17 was employed for all calculations using the program package G09. 18 The 6-31G* basis set 19 was used for all atoms except Au, which was described by the Stuttgart relativistic pseudopotential and its accompanying basis set (ECP60MWB). 20 Solvent effects were also included by means of the polarizable continuum model (PCM), 21 and default parameters were used for the solvent, dichloromethane. No symmetry constraints were applied in geometry optimizations. For the singlet ground state (S 0 ), the restricted density functional theory (RDFT) formalism was employed while the triplet excited states (T 1 and 3 LMCT/ 3 dd) were optimized using time-dependent density functional theory (TDDFT). 22 Frequency calculations were performed on the optimized structures to ensure that they are minimum energy structures by the absence of imaginary frequency (i.e., NImag = 0). Stability calculations were also performed for all the optimized structures to ensure that all the wave functions obtained were stable. Vertical excitation energies of the singlet and triplet excited states were calculated at the optimized ground state geometries on the basis of TDDFT using the linear response approximation (LR-PCM). Direct spin−orbit coupling matrix elements (H SOC ) between the singlet and triplet excited states were evaluated at the optimized ground state geometries, and the detailed procedures were reported in our previous work.
3,23
General Procedure for the Synthesis of Gold(III) Alkyl Complexes. For all complexes except 1c, an alkyllithium solution (1.5 equiv) was added dropwise to an anhydrous THF solution/ suspension of the corresponding [Au(C ∧ N ∧ C)(OCOCF 3 )] (∼100 mg) at −78°C and stirred for 1 h. The reaction mixture was warmed to room temperature and stirred for another 1 h. After removal of solvent in vacuo, the product was purified by column chromatography on SiO 2 using CH 2 Cl 2 as eluent.
1a: yield 58 mg (71% 
